The visual system relies on both the integration and interocular inhibitory processes to achieve single vision from different images in the two eyes. It is generally assumed that the integration process first searches for matching local features between the two eyes. If the matching fails, an interocular inhibitory process is triggered to suppress the image representation of one eye, leading to visual perception that is essentially contributed by the other eye. Here, using a stimulus comprising of binocularly corresponding features (vertical gratings) but incompatible surface border information, we found evidence to the contrary. In one half-image, a circular patch of vertical grating was phase-shifted relative to the surrounding vertical grating to create a circular, monocular boundary contour (MBC), while the other half-image had a similar vertical grating. The two half-images had a binocular disparity at the circular grating patch area, leading to the percept of a disc in depth. Concurrent with the stereo percept, threshold for detecting a Gabor probe on the half-image without the MBC was higher than that on the corresponding area with the grating disc, indicating binocular suppression. These findings reveal that when we perceive depth, which requires the integration process to obtain binocular disparity from the two eyes, one eye's image could simultaneously be suppressed from visual awareness by the interocular inhibitory process. Our study also presents a provocative example of where the brain selectively binds some, but not all, features of the images from the two eyes for visual perception.
T
he lateral separation between our eyes causes 3-D scenes to be seen from slightly different vantage points of view, providing the basis for binocular depth perception (stereopsis). The visual system ensures that the disparate images from the two eyes are experienced as a single, coherent percept predominantly through: (1) the integration process, which analyzes signals from the two eyes to create binocular representations of the images and extracts the images' binocular disparity for depth perception, and (2) the interocular inhibitory process, which suppresses all but one binocular image representation to provide a coherent percept. Much of our knowledge of the interocular inhibitory process comes from studies of binocular rivalry (BR).
The typical BR stimuli have two half-images of the same overall shape but whose simple features differ in orientation (Fig. 1A) , motion direction, color, etc. This local difference in simple features prevents the fusion/stereopsis process from integrating the two half-images. If the features of the two half-images are made more similar, the BR between the two half-images is reduced and/or is replaced by the fusion phenomenon (1) . Meanwhile, Hochberg found that adding contours (grid lines) to one half-image of a correlated stereogram eliminates the depth percept (2) . This suggests the added contours suppress the information of the other half-image. Observations like these lead to the notion that the visual system triggers the interocular inhibitory process to suppress one of the two halfimages when the integration process fails to make a match (3, 4) . We coin this the fusion-preceding-rivalry hypothesis. Opposing the fusion-preceding-rivalry hypothesis is what we coin the co-existence hypothesis, which claims that the integration and the interocular inhibitory processes operate independently (5) (6) (7) (8) (9) (10) . Support for the co-existence hypothesis includes the observations that one can perceive binocular depth even as BR is experienced. For instance, using bandpass filtered random-dot stereograms with masking noise of other spatial frequency bands, Julesz and Miller found observers simultaneously experienced stereopsis and BR (11) . Others used half-images with dissimilar features (e.g., different colors, opposite contrast, or orthogonal grid lines) to induce BR while having correlated contours with binocular disparity to induce stereopsis (6, 7, 12, 13) . Although these studies provide support for the co-existence hypothesis several arguments against them could be made. For example, the depth and BR percepts are probably carried by different spatial frequency channels (11) , or separately via the chromatic vs. achromatic channels (7) , and these percepts may not occur at the same spatial location (11, 13) . Thus, the fusion-preceding-rivalry hypothesis could still prevail. According to this view, that stereopsis and BR occur simultaneously at different spatial locations, or different channels, simply reflects the spatial and modular independence of visual processing.
Our study approaches the issue behind these two hypotheses, namely, how the visual system integrates information from the two eyes to support stereopsis while suppressing incompatible images, from a different perspective. We created a stereo/rivalry stimulus with one half-image having a homogeneous vertical grating (right or left, Fig. 1B ) and the other half-image having the same vertical grating but with an additional disc in the center (middle, Fig. 1B ). The central disc is defined by a monocular boundary contour (MBC) created by phase shifting (45°) a circular area of the vertical grating. This circular disc area, relative to the homogeneous grating half-image also creates binocular disparity. Thus, with free fusion of the two half-images in Fig. 1B , one perceives a stable depth separation between the central grating disc and the surrounding grating (disc is seen behind with crossed fusion of the left and middle half-images), indicating the working of the integration process. Our first experiment quantified this observation using a simultaneous depth discrimination design. We further inserted a phase-shift between the gratings in the upper and lower half-disc areas and measured observers' ability to discriminate the relative depth of the two half-discs in two conditions (Fig. 1C) . In a back depth condition (Fig. 1C , crossed fusers should fuse the left and middle half-images) the grating of the disc is seen behind the surrounding homogeneous grating, while in a front depth condition it is seen in front of the surrounding grating. Notice also (with crossed fusion), that in the back depth condition, the lower half-disc is seen in front of the upper half-disc. In the front depth This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: tlooi@salus.edu.
condition, the upper half-disc is seen in front of the lower half-disc.
Accompanying the depth percept with the MBC phase-shift stimuli ( Fig. 1 B and C) is the observation that the perceived MBC disc is stable, suggesting that the corresponding homogeneous grating is suppressed. This observation agrees with our previous findings showing that the MBC strongly affects BR (14 -16) . For example, Fig. 2A (MBC from orientationdifference) shows an MBC disc in the left half-image created by an orientation difference between the central and surrounding areas. With free-fusion of the half-images, one perceives a stable vertical disc in front (17) . This is unlike the frequent alternating percepts experienced with the typical BR stimulus in Fig. 1 A even though the central corresponding areas in both stimuli have orthogonal gratings. Thus, the MBC orientation-difference stimulus suggests the strong dominance of the MBC disc is mainly attributed to the MBC. To reveal the suppression of the homogeneous grating half-image by the MBC, our second experiment measured the contrast increment threshold of a Gabor probe on the MBC phase-shift stimulus (Fig. 2B) . The Gabor probe was either added to the center of the left half-image with the MBC disc, or that of the right half-image with the homogeneous grating. We found a higher threshold on the homogeneous grating. To further reveal that it is the MBC that triggers the interocular inhibition, we tested two additional conditions where both half-images have boundary contours. These are the ring/ disc condition where we added a ring onto the homogeneous grating half-image (right half-image in Fig. 2C ) to correspond to the MBC in the left half-image, and the ring/ring condition where the MBC phase-shift disc was replaced by the same ring as that in the other half-image (Fig. 2D) . We found that with such binocular boundary contour (BBC) stimuli, thresholds on the two half-images are similar, that is, binocular suppression is absent without the MBC.
To generalize the notion that MBC alone can induce interocular inhibition, our third experiment measured thresholds on a variant of the above stimulus ( Fig. 3 A and B) . Here, the MBC and relative binocular disparities are created by a difference in spatial frequency, which render the grating disc to be perceived as tilted in depth (18) . We obtained similar threshold results as with the MBC phase-shift stimulus.
To further demonstrate the co-existence of integration and binocular suppression, our fourth experiment had observers tracked their percepts of a colored MBC phase-shift stimulus (Fig. 4A) . With color labeling, we can readily observe the alternating dominance and suppression percepts of the two half-images. From the foregoing, we can predict that the MBC disc remains dominant most of the time while the corresponding homogeneous grating is suppressed. One can confirm this by free fusing Fig. 4A and observing that a stable green disc is seen most of the time. Also, one can verify that the strong green dominance is not due to a stronger perceptual salience of the green color, because a robust BR alternation between the red and green half-images occurs with the typical rivalry (red/green discs) The half-image with the disc grating is phase-shifted 45°relative to the surrounding background grating. With crossed fusion of the left and middle half-images, one perceives the grating within the disc as behind the surrounding grating. (C) The stimulus used in Experiment 1, where observers judged the relative depth between the upper and lower half-discs. With crossed fusion of the left and middle half-images, the grating within the disc is seen behind the surrounding grating (far condition) while the lower half-disc is seen in front of the upper half-disc. And by crossed fusion of the right and middle halfimages, the entire disc grating is seen in front of the surrounding grating, with the upper half-disc being seen in front of the lower half-disc. stimulus in Fig. 4B . Similarly, when we tested observers with a BBC (disc/ring) stimulus (Fig. 4C) , we found the frequency of BR alternation is almost equal. Finally, to reinforce our finding, we conducted a control experiment where observers tracked a monocular Gabor probe on grayscale MBC phase-shift stimuli (Fig. 4 D and E) . We found higher predominance for seeing the Gabor probe on the half-image with the MBC. Fig. 1C . Clearly, observers correctly perceived the depth of the upper half-disc when it is either nearer (Ͼ50%) or farther (Ͻ50%) than the lower half-disc. This indicates they ably integrated the MBC phase-shift stimulus for binocular depth perception.
Experiment 2: Contrast Increment Threshold (Phase-Shift) and
Control Experiment 1. We measured contrast increment thresholds of monocular Gabor probes that were presented on either half-image (that acted as the pedestal for the probe) of the MBC phase-shift stimulus (Fig. 2B) . We found contrast thresholds on the homogeneous grating half-image (filled circles, Fig. 6 ) are significantly higher than those on the MBC disc (open circles) [F(1,3) ϭ 61.7, P Ͻ 0.005; two-way ANOVA with repeated measures for the average data]. This confirms that MBC alone, in the absence of locally conflicting simple features, can initiate the interocular inhibitory process to suppress the half-image with the homogeneous grating.
Our data also reveal that thresholds on both half-images increase with the contrast of the pedestal grating in a similar linear pattern [F(4,12) ϭ 70.1, P Ͻ 0.001; F(4,12) ϭ 1.40, P Ͼ 0.25]. This suggests that binocular suppression does not affect the contrast gain control mechanism, just like in other types of BR stimuli (19) .
The data for the ring/disc condition show that the thresholds on the phase-shifted disc (0.857 Ϯ 0.059 log unit) and on the gray-ring disc (0.865 Ϯ 0.051 log unit) are not significantly different [t(9) ϭ 0.100; P ϭ 0.922, ANOVA contrast analysis]. These thresholds are quite close to the thresholds in the ring/ring condition, which average 0.835 Ϯ 0.065 log unit [t(9) ϭ 0.367; P ϭ 0.722, ANOVA contrast analysis]. Thus both conditions reveal that when the MBC in each half-image corresponds as a pair of BBC interocular inhibition no longer exerts its influence.
Arguably, our findings in Fig. 6 need not necessarily indicate interocular suppression, but rather that probe detection threshold on a figure (MBC disc grating) is lower than that on a large grating background. Presumably, the MBC disc configuration itself could cause less spatial uncertainty and/or attract stronger focal attention, leading to a lower threshold. To explore this alternative argument, we compared probe detection thresholds of the MBC phase-shift condition with two new conditions. The binocular disc condition (Fig. 2E) had the MBC disc half-image stimulating both eyes during threshold measurement, and the binocular background condition (Fig. 2F) had the homogeneous background half-image stimulating both eyes. We found the average threshold in the binocular disc condition (0.98 Ϯ 0.02 log%) to be slightly higher than that in the binocular background condition (0.91 Ϯ 0.02 log%) [F(1,3) ϭ 37.376, P ϭ 0.009]. Clearly, this finding rejects the alternative argument. Moreover, in the MBC phase-shift condition (measured in the same test block), we found the average threshold on the MBC disc (0.89 Ϯ 0.02) lower than that on the homogeneous grating (1.08 Ϯ 0.05 log%) [F(1,3) ϭ 12.076, P ϭ 0.040].
Experiment 3: Contrast Increment Threshold (Spatial-FrequencyDifference).
We measured contrast increment thresholds on each half-image of the MBC spatial-frequency-difference stimuli in Fig. 3 . We found the average threshold on the 3 cpd homogeneous grating (1.016 Ϯ 0.099 log unit) higher than that on the 3.5 cpd disc (0.821 Ϯ 0.072l) [ Fig. 3A ; t(3) ϭ 3.704, P ϭ 0.034]. Similar results were found for the stimulus in Fig. 3B (3.5 cpd homogeneous grating: 1.013 Ϯ 0.084 log unit; 3 cpd disc: 0.792 Ϯ 0.069) [t(3) ϭ 3.638, P ϭ 0.036]. The higher threshold on the homogeneous grating half-image in both stimuli indicates binocular suppression, even as stereopsis is experienced, further supporting the co-existence hypothesis.
Experiment 4: Perceptual Tracking and Control Experiment 2.
To reveal the binocular suppression induced by the MBC alone is sufficiently strong to prevent the homogeneous grating from perception, observers indicated their instantaneous percepts of the stimuli in Fig. 4 A-C. For the colored-MBC phase-shift stimulus (Fig. 4A) , the predominance (Fig. 7A) for seeing the MBC disc (green) is much higher than for seeing the homogeneous grating [F(1.012, 4.407) ϭ 10011.296, P Ͻ 0.001, ANOVA with repeated measures, Greenhouse-Geisser correction]. This indicates MBC induced binocular suppression causes the homogeneous grating to be unperceived most of the time. In contrast, for the red/green disc (Fig. 4B ) and the disc/ring (Fig. 4C Instead of color labeling the MBC phase-shift stimulus to measure binocular suppression, our control experiment tagged a Gabor probe onto either half-image of the grayscale stimulus (Fig. 4 D and E) . Observers tracked the probe's visibility (seen or unseen), which reflects the dominance or suppression state of the half-images. Fig. 7B plots the average predominance for seeing the probe on the MBC disc (open circles) and on the homogeneous grating (filled circles) as a function of relative probe contrast. As expected, for an extremely low contrast probe that is barely above detection threshold, or an extremely high contrast probe that is sufficiently strong to resist suppression by the MBC, the predominance for seeing the probe is similar on both half-images. But for intermediate probe contrast levels, the predominance is significantly higher on the MBC disc than on the homogeneous grating, indicating binocular suppression of the former on the latter half-image. This is confirmed by a statistical analysis of the average data [main effect of stimulus condition: F(1,3) ϭ 35.103, P ϭ 0.010; main effect of contrast: F(3,9) ϭ 95.187, P Ͻ 0.001; interaction: F(3,9) ϭ 6.770; P ϭ 0.011, two-way ANOVA with repeated measures], further confirming the existence of interocular inhibition with the MBC phase-shift stimulus. Finally, we found the binocular suppression does not affect the stability of the perceived depth of the MBC disc, as the observers continuously experienced the depth percept throughout the 30-s stimulus interval.
Discussion
Using the MBC phase-shift stimulus, we showed both stereopsis and binocular suppression are experienced simultaneously at the same location. This suggests even as the integration process extracts binocular depth from both eyes, the interocular inhibitory process suppresses the homogeneous grating half-image leading to the selection of the MBC grating disc for perception. In general, our findings agree with the notion that the integration process and the interocular inhibitory process operate independently (co-existence hypothesis) (5-10). However, we recognize that our observation does not necessarily exclude the fusionpreceding-rivalry hypothesis (1) (2) (3) (4) 20) . This is because the observed binocular integration and binocular suppression are Fig. 4 A-C. (B) The average predominance as a function of relative probe contrast for seeing the monocular Gabor probe for the stimuli in Fig. 4 D and E. Due to individual differences, we aligned all four observers' data at the probe contrast with the maximum predominance difference between the two stimulus conditions (this occurred at 1.2 log% for two observers, and 1.1 log% and 1.0 log%, respectively, for the remaining two observers).
intimately related, respectively, to the surface feature (grating) and boundary contour (MBC) information that are processed by different neural mechanisms. Specifically, with the MBC phaseshift stimulus, the interocular inhibitory process is activated when the visual system cannot find a matching boundary contour in the homogeneous grating half-image, i.e., agreeing with the fusion-preceding-rivalry hypothesis. In this regard, the two hypotheses are reconcilable when we consider that BR is processed by a distributed intercortical network (21) (22) (23) .
Equally significant, our study reveals the important role of the boundary contour. In earlier studies (14, 15) we showed using an MBC stimulus with conflicting local features (orthogonal gratings in Fig. 2 A) , the critical contribution of the boundary contour to BR. Here, with the MBC phase-shift stimulus, we found that the MBC can induce binocular suppression even when there are no conflicting local features (same vertical grating in Fig. 2B ). This indicates that the MBC alone can trigger the interocular inhibitory process.
Research shows that the boundary contour representation provides the basis for representing surfaces and objects, and that boundary contours are extracted in the early visual cortices (e.g., 24-31). Importantly, single unit recording in monkeys have revealed a significant proportion of V2 cortical neurons with selectivity for the side of the contour, that is, border ownership (BO) (31, 32) . Border ownership (BO) signals are critical for segregating surfaces in depth, as front (figure) or back (ground) (28, 29, 31, (33) (34) (35) . We believe the crucial role of the BO neurons is reflected in our study. It is possible that the MBC stimulus (e.g., Fig. 2 A and B) triggers activities in the BO selective neurons, which in turn initiates the boundary contour based surface representation process to construct the MBC defined texture surface (disc). Meanwhile, the BO selective neurons also trigger the interocular inhibitory network to suppress the homogeneous grating half-image at the corresponding retinal area. This ensures the homogeneous grating image does not interfere with the surface representation of the MBC disc.
Given the modular organization of the early visual cortices (36, 37), our findings also suggest that the perceived 3-D MBC disc is obtained from the binding of different modular inputs. The first is the monocular texture information within the MBC disc. The second is the quantitative binocular depth derived from the binocular disparity process (38) . This explanation, if correct, advances our understanding of feature-binding in vision (39) . Interestingly, for binocular surface perception, the visual system can bind selective features from the two retinal images based on projection geometry constraints. This reinforces the notion that the visual system can solve the feature-binding problem by relying on perceptual rules that are derived from its past experiences of interacting with the ecological environment (40) (41) (42) . Stimuli. MATLAB and Psychophysics Toolbox (43, 44) on a Macintosh were used to present stimuli on a CRT monitor (1280 ϫ 1024, 100 Hz). Observers viewed the stimuli (75 cm) through a mirror haploscopic system attached to a chinand-headrest. (Fig. 1C) . The half-image presented to the test eye had a 1.5°circular MBC disc, which was divided into two halves. The upper half-disc grating was phase-shifted horizontally relative to the surrounding grating by 54°, 72°, 108°, or 126°, while the lower half-disc grating was shifted by 90°. Depending on the eye viewing the MBC disc and the direction of the shift (left/right), the MBC disc grating had either positive or negative horizontal disparities relative to the background grating (Ϫ3.4, Ϫ1.7, 1.7, and 3.4 min of arc). Four binocular green dots (Ϸ0.1°ϫ 0.1°) in the vicinity of the MBC disc aided eye alignment. A 500-ms black and white square-wave checkerboard mask (5°ϫ 5°; 2.2 cpd; 40 cd/m 2 ; 90% contrast) terminated a trial. Each test condition was run over 40 blocks of trials in four sessions [5 contrast levels ϫ 2 eyes ϫ 2 probe types (dominance vs. suppression) ϫ 2 repeats].
Task. The observer judged whether the upper or lower half-disc was perceived as nearer.
Experiment 2: Stimuli and Procedures. The MBC phase-shift stimulus (4.5°ϫ 4.5°, Fig. 2B ) had 3 cpd vertical sinusoidal gratings (72.4 cd/m 2 ), with the central 1.5°disc region of one half-image being phase-shifted by 180°. The contrast of the gratings was set at one of five levels (0.8, 1.0, 1.2, 1.4, and 1.6 log%). A white nonius fixation target (0.4°ϫ 0.4°) was located 0.91°a bove the disc. A Gabor probe (Gaussian kernel FWHM ϭ 0.75°, 160 ms) was presented either on the half-image with the MBC disc (dominant condition) or the half-image with the homogeneous grating (suppression condition). The trial ended with a 500 ms, 95% contrast, 3 cpd black and white checkerboard mask. For the ring/disc condition (Fig. 2C) , a 1.5°counter-phase annulus (width ϭ 0.046°) was added to the half-image with the homogeneous grating (72.4 cd/m 2 , 1.4 log% contrast). For the ring/ring condition (Fig. 2D) , the half-image with the MBC disc was replaced by the half-image with the annulus and homogeneous grating.
Task. Monocular contrast increment thresholds were obtained using a 2AFC-staircase method. The Gabor probe was either presented 1 or 2 s after the onset of the MBC stimulus. Four blocks of trials over four sessions were tested for each stimulus.
Control Experiment 1.
The MBC phase-shift stimulus (2.2 cpd, 60 cd/m 2 , 1.5 log% contrast, 90°phase-shift) was centrally fixated. Four surrounding orange dots (0.13°) served as fusion lock. Monocular increment thresholds on the MBC phase-shift stimulus were compared with those on the binocular disc and binocular background conditions (Fig. 2 E and F) . The Gabor probe (Gaussian kernel FWHM ϭ 0.25°ϫ 0.43°, 250 ms) was either presented to a location corresponding to the upper half or lower half of the MBC disc. Four blocks of thresholds were measured in each condition using a 2AFC-QUEST design.
Experiment 3.
All aspects of the experiment were the same to those of Experiment 2 (72.4 cd/m 2 , 1.4 log% contrast) except for the MBC stimulus design (Fig. 3) . The MBC disc was generated by a circular area of grating with a different spatial frequency from that of the surrounding grating (3 cpd vs. 3.5 cpd and vice versa). (Fig. 4C) , a 1°gray annulus (width ϭ 0.05°, 29.7 cd/m 2 ) was added to the half-image with the homogeneous red/black grating. For the red/green disc stimulus (typical BR, Fig. 4B ), 1°red/black and green/black vertical grating discs with 180°p hase difference were presented against a gray background (29.7 cd/m 2 ). All three stimuli were randomly interspersed within a block of 18 trials (2 test eyes ϫ 3 stimulus types ϫ 3 repeats). Each observer was tested over four blocks. A 0.5°ϫ 0.5°white nonius fixation target (76 cd/m 2 ) was presented between each trial and removed 250 ms before the stimulus display of the upcoming trial, whose duration was 30 s. To eliminate the afterimages at the end of the 30-s trial, a 0.25-Hz anti-phase, 4 cpd black and white checkerboard mask (luminance ϭ 52.3 cd/m 2 , contrast ϭ 95.1%) was presented for 8 s, and followed by a 2-s blank screen.
Task. The observer reported his/her instantaneous percepts (whole disc, no disc, mixture) by continuously depressing one of three keys on the keyboard.
Control Experiment 2.
The MBC phase-shift stimulus was the same as that in Control Experiment 1 (60 cd/m 2 , 1.5log% contrast, 4.5°ϫ 4.5°). A Gabor probe (Gaussian kernel FWHM ϭ 0.4°) with variable contrast (0.1 log% interval) was presented either to the center of the MBC disc (Fig. 4D, dominance condition) or its corresponding area on the homogeneous grating (Fig. 4E, suppression  condition) . Observers reported either seeing or not seeing the Gabor probe throughout the 30-s stimulus duration by pressing either the left or right arrow key. At least six Gabor probe contrast levels, with four repeat trials per probe contrast, were tested on each observer. Statistical Analysis. ANOVA was performed on the data in Experiments 2-4 and the control experiments.
